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Introduction  
Purpose of study 
Non-invasively quantitative analysis of the relation between dietary fat and lipid 
accumulation/metabolism using Raman spectroscopy. 
General outline 
Obesity was reported to induce various type of medical complications including insulin 
resistance, diabetes, gallstone disease, and coronary heart disease. The characteristics of 
obesity can be observed as significant accumulation of fat in the subcutaneous and visceral 
adipose tissue. Rather than energy storage, adipose tissues were also reported as the glucose 
and lipid metabolism and numbers of hormones producer. The visceral fat was reported as the 
secretor of inflammatory which induced the risk of obesity associated cardiovascular disease.1 
The fat tissue in the peripheral region, subcutaneous adipose tissue (SAT), was also reported 
to be involved in insulin resistance and inflammation in the overfed sample. The visceral fat 
was reported as the secretor of inflammatory which induced the risk of obesity associated 
cardiovascular diseases. The increased amount of excessive visceral fat was reported as closely 
related to obesity and type II diabetes mellitus.  
The key player in obesity is dietary fat. There are various kinds of fatty acids in the 
daily diet either from vegetable or meat. Each fatty acid has its own characteristics and 
properties and can be classified in various manner depends mainly on the perspective. Two 
main types of fatty acids classified by the origin; essential and non-essential. Essential fatty 
acids are the fatty acids which cannot be synthesized, however, they are necessary for keeping 
the body function, such as; omega-3 and omega-6 fatty acids. The major difference of non-
essential fatty acids is that they can be synthesized inside the body. Fatty acids can also be 
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classified according to the C=C. Fatty acids with no C=C are called saturated fat while fatty 
acids containing C=C are called unsaturated fat. Unsaturated fatty acids can be further 
categorized as mono-unsaturated fatty acids (1 C=C), polyunsaturated fatty acids (more than 1 
C=C). The C=C of the fatty acids play pivotal role in various biological systems as signal 
messenger or lipid mediator.    Fatty acids, according to the chain-length, can be categorized 
as short (less than 6 carbons), medium (6-12 carbons) and long chain fatty acid (longer than 12 
carbons). The metabolic pathways are different according to the chain-length. Short-chain fatty 
acids are metabolized in the colonocytes of intestine while medium-chain fatty acids are mainly 
sent through portal vein and metabolized at liver. Long-chain fatty acids are sent through 
lymphatic system to peripheral organs and the residuals are metabolized at liver.2-5 Considering 
the metabolic pathway, lipid with different chain-length can affect the variation of lipid 
accumulation. To confirm this hypothesis, the lipid variation is required to be measured. 
Non-invasive approach for lipid research  
 Recently, non-invasive technique is attracting more interest in the field of lipid research 
due to its advantage. One of the strongest advantage of non-invasive technique is that it requires 
little sample preparation, which not only help the researchers for saving time and sample, but 
also can ensure the intactness of molecular structure targeted for the assay. Invasive methods 
require treatment with various kind of solution which could cause data fluctuation and requires 
technical skill. Numbers of technique have been published as follows; Muik et al. reported the 
lipid degradation in vegetable oil using Fourier transform (FT-) Raman spectroscopy.6 Their 
results demonstrated the feasibility of Raman spectroscopy to detect the changes in 6 vegetable 
oils with varied unsaturated fatty acid heated to 160°C. FT-near infrared spectroscopy (FT-
NIRs) was employed to observe the lipid in Brazilian soybeans and construct the PLS 
calibration model.7 The FT-infrared (FTIR) was used to measure the amount of lipid in the 
marine diatom lipid. The amount of docosahexaenoic acid and eicosapentaenoic acid were 
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quantified using PLS regression 8 These techniques are capable of measuring the lipid content 
in the biological sample. 
Raman spectroscopy  
Nowadays, the research regarding biomedical spectroscopy is becoming a worldwide 
topic. The spectroscopic techniques/instruments are developed for many medical application 
such as; blood glucose monitoring, early stage cancer detection or skin investigation.  The 
application of Raman spectroscopy in the field of biology/biomedical have gained interest from 
scientist around the world as it is able to provide the molecular information in the non-invasive 
manner. The non-invasive technique is widely used in various application including industrial 
online process, food quality control etc. This method has also been used for the real-time 
monitoring in biomedical application indicative of the potential for the next generation of real-
time biomedical monitoring technology. 
Raman scattering is the spectroscopic phenomena occurs when the incident light is 
scattered. The wavenumber of the scattered light is shifted to from that of the light source due 
to an inelastic scattering. There are two kinds of Raman scattering; Stoke and anti-Stoke 
scattering. Stoke is the kind of scattering which the scattered photon has lower energy while 
anti-Stoke has higher energy. Stoke scattering is found to be more prevalence than anti-Stoke 
due to the general molecules at room temperature are mostly at the ground state. Information 
obtained from Raman spectroscopy is in complementary with infrared spectroscopy. The 
preference of Raman spectroscopy over infrared spectroscopy is due to the reduction of water 
effect from sample. Water reveal broad band over the 1600-1700 cm-1 region in Raman spectra 
while huge broad peak will be induced using infrared spectroscopy. The low sensitivity to water 
makes Raman spectroscopy suitable for biological sample, moreover, it can also be applied to 
in vivo study. One of the biggest disadvantage of Raman spectroscopy is the fluorescence 
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effect. The origin of fluorescence effect is due to the laser absorption of the sample. Near-
infrared (NIR) excitation laser is widely used in biomedical application using Raman 
spectroscopy. The NIR laser can provide benefit by decreasing the fluorescence effect and 
increasing the penetration depth. All in all, NIR is the laser of choice for investigating the 
biological sample.  
Lipid study in biomedical research with Raman spectroscopy  
The studies of lipid in the skin were published by several research groups. Giarola et al. 
reported applying Raman spectroscopy to observe the changes in adipose tissue.9 The 
unsaturation index technique was proposed to observe the change in the unsaturation degree of 
the adipose tissue. This study show the feasibility of Raman spectroscopy to observe the 
unsaturation of fatty acid. The quantitative analysis of skin lipid components were reported by 
Vyumvuhore et al. The amount of lipid components including ceramide, cholesterol and fatty 
acids were predicted using Raman spectra and HPLC data. The results from PLS calibration 
show the feasibility to observe the skin lipid component non-invasively. 10 Pudney et al. 
proposed the Raman system capable of measuring the layer of epidermis. The amount of 
keratin, natural moisturizing factor (NMF), ceramide, cholesterol, urea, lactic acid and 
transurocanic acid were quantified using the spectral intensity. The developed Raman system 
can be used in various location of the body.11 This study is the milestone in the field of skin 
research as this is for the first time that Raman system is developed solely for skin research. In 
this study, the study of lipid in the skin and adipose tissue are described in qualitative and 
quantitative manner in chapter II and III. 
Various kind of Raman instrument were developed to cope with different application. 
In this study, confocal Raman spectroscopy, microscope Raman spectroscopy and ball lens-
installed hollow optical fiber Raman probe (BHRP) were used throughout the research. 
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Confocal and microscope Raman spectroscopy, in principle, are exactly the same. The different 
is the confocal Raman spectroscopy can provide higher spatial resolution (x,y,z axes) than that 
of microscope. The confocal Raman spectroscopy is usually used for observing the 
microorganism or cell (further detail will be discussed in Chapter I and II). The BHRP was 
developed to cope with biomedical application.12,13 The BHRP overcome the problem found 
using the fiber-bundle Raman probe as signal/noise ratio is higher. In this study, BHRP was 
used to investigate the skin and adipose tissues. The size and type of ball lens is an important 
factor to observe the change in the skin depends on the layer which sample resided. The 0.5mm 
sapphire ball lens was used to measure dermis layer while the 0.8mm fused silica ball lens was 
used to observe the subcutaneous layer under the skin(further detail will be discussed in 
Chapter II and III). 
Adipose tissue  
The background knowledge of adipose tissue are described here for better 
understanding for the study in chapter II and III. 
The function of the lipid-related organs such as subcutaneous and visceral adipose 
tissue has been believed to be nothing but the energy depot. However, the other roles of adipose 
tissue in biological system were found. The adipose tissue was found to be involved in many 
roles in lipid and glucose metabolism.  Various kind of hormones and cytokines was also found 
to be produced by adipose tissue, such as; tumor necrosis factor-a, interleukin-6, adiponectin, 
leptin, and plasminogen activator inhibitor-1. Adipose tissue can be categorized by its location 
into 2 main types; subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). SAT 
can be found under the dermis layer of the skin while VAT can be found inside the body cavity. 
Both types of adipose tissue comprise mainly of adipocyte. There are 2 kinds of adipocyte; 
white and brown adipocyte. The adipocytes mostly found in the SAT and VAT are white 
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adipocyte while brown adipocyte is less prevalence. Brown adipocyte has special function to 
produce heat. Adipocyte is the cell which stores lipids mostly triglyceride in the form of lipid 
droplet. Triglyceride is the lipid structure comprises of glycerol head group and 3 molecule of 
free fatty acids. The difference between SAT and VAT can be observed in various manners. 
The portal drainage of VAT is connected with liver which make it easier to be used by liver 
while venous drainage of SAT is connected to the lymphatic system. VAT contains higher 
amount of large adipocyte while SAT mostly comprises of small adipocyte. The larger size of 
adipocytes are insulin resistance and have lower free fatty acids uptake comparing to that of 
small adipocyte.14 The variation in lipid accumulation is described in chapter II and III. 
Study Synopsis 
This research consists of 3 chapters; 
Chapter I: Development of chemometrics method for quantitative determination of 
lipid in the biological sample. 
The basic data/technique of lipid measurement were collected for quantitative analysis 
and knowledge of chemometrics was acquired and developed. The biological samples, marine 
diatoms, were used as test subject for the lipid analytical method using Raman spectroscopy 
and chemometrics approach. Confocal Raman spectroscopy was used to measure lipid droplet 
inside diatom. The lipid droplet comprises of triacylglycerol were preprocessed and subjected 
to the chemometrics method to extract the concentration of fatty acid. Classical least square 
(CLS) was used to obtain the concentration profile of lipid droplet using the low wavenumber 
region of 800-1200 cm-1. The result from CLS showed that fatty acids profile of diatom can be 
classified into 3 groups according to their degree of unsaturated lipid dominance. Gas 
chromatography was used to validate the CLS result. 
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Chapter II: Investigation of dietary fat effect upon the lipid interaction and oxidation 
damage in the skin and adipose tissue. 
In this second part, hamsters were used to investigate the impact of dietary fat upon 
body lipid oxidation and the feasibility of using non-invasive approach. The Raman 
spectroscopy system was developed and improved for obtaining molecular information of the 
composition of the skin with BHRP. Skin samples consisting of various lipids and some other 
materials were employed to evaluate the potential of the developed Raman spectroscope. 
Golden Syrian hamsters were treated with triglyceride with different unsaturation degree. Ball 
lens installed hollow fiber Raman probe (BHRP) with 500 µm sapphire ball lens is used to 
measure the lipid variation in the skin and adipose tissue (Figure 1). The relation between lipid 
oxidation and dietary fat was determined by comparing the oxidation of pure fatty acids and 
the spectra from hamsters. The lipid oxidation in the adipose tissue cannot be found, however, 
the oxidation of the skin is increased from 2-6 weeks. The accumulation of lipid in adipose and 
skin tissue were evaluated using principal component analysis (PCA). The score plots from 
PCA show the variation in correspondence with the dietary fat treated in both adipose tissue 
and skin.    
Chapter III: Implementation and development of quantitative determination of lipid 
metabolism in the skin and adipose tissue. 
The combination of developed software and fiber optic Raman probe. The developed 
Raman system equipped with microscopic probe (chapter II) together with lipid determination 
technique (chapter I) was employed to quantitatively investigate lipid content in hamster skin. 
The effect of dietary fat upon the lipid-related organs (skin lipid, subcutaneous adipose tissue, 
visceral adipose tissue) were further investigated in the quantitative manner. In this study, 
BHRP with 800 µm fused-silica ball lens is used to observe the change in the subcutaneous 
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layer of the skin (skin-SAT). Subcutaneous adipose tissue (SAT) and visceral adipose tissue 
(VAT) were dissected and measured with BHRP. The lipid accumulation in the skin-SAT, SAT 
and VAT were observed using PLS regression and the modified ALS namely; moving-window 
ALS (MW-ALS) and increasing window ALS (IW-ALS). The results from PLS calibration 
yielded higher accuracy than MW/IW-ALS technique. However, MW/IW-ALS confirm the 
informative region for extracting fatty acids. The accumulation rate of skin-SAT, SAT are 
lower than VAT due to the location of adipose tissue. Trilinolein was accumulated higher than 
tricaprin according to the metabolic pathway of long-chain and medium-chain fatty acids. The 
originalities of this study are described as follows; first, the lipid content investigated specified 
the detailed properties and characteristic of lipid in biological sample, marine diatom. The 
confocal Raman spectroscopy was able to gather the spectral information of lipid droplet in a 
marine diatom. The developed chemometrics, classical least square (CLS), method can be 
applied to extract the concentration profile of lipid droplet of diatom. The next step is the 
investigation of the lipid-related organs in the high lipid variation environment. Ball lens-
installed hollow optical fiber Raman probe (BHRP) shows the capability to measure the skin 
and adipose tissues. The lipid oxidation of dermis layer and adipose tissue can be investigated 
using the I1654/I1264. The third part, BHRP shows the potential for establishing qualitative and 
quantitative relation of skin-lipid, subcutaneous adipose tissue (SAT) and visceral adipose 
tissue (VAT). The ALS method was further modified and developed by applying the idea of 
moving window as moving window-ALS and increasing window-ALS to specify the 
informative region for extracting lipid concentration of adipose tissue. It was found that the 
low wavenumber region is extremely specific for each type of fatty acid. I found that this region 
yields higher information than others. 
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Chapter I: In vivo study of lipid accumulation in the microalgae 
marine diatom Thalassiosira pseudonana using Raman spectroscopy 
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Abstract 
An in vivo non-invasive quantitative analysis technique was introduced for evaluating 
the fat composition of living marine diatoms by using Raman spectroscopy in conjunction with 
a chemometrics method. This technique enabled the observation of real-time variations in 
individual lipids in diatom cells without specific treatment or fat extraction. A confocal Raman 
spectroscope was used to measure the marine centric diatom Thalassiosira pseudonana which 
was cultured under 6 stress conditions and the spectral data of accumulated fatty acids were 
obtained. A model-based chemometrics technique, ordinary least square (OLS) was then used 
to extract specific signals from Raman spectra obtained for a mixture of fatty acids. The levels 
of four major lipid moieties from diatoms were extracted simultaneously, including myristic 
acid, palmitic acid, palmitoleic acid, and eicosapentaenoic acid from the Raman spectra. These 
results indicate that Raman spectroscopy in conjunction with a chemometrics method is reliable 
for the quantitative determination of the lipid composition accumulated in the cells of marine 
diatoms.  
 
 
 
Key words: diatom, fatty acid, OLS, Raman spectroscopy, in vivo analysis 
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Introduction 
The energy crisis has become a global concern as the demand for crude oil increases while 
supplies continually decrease. To solve this problem, biofuel production by microalgae has 
been examined. 1 As an alternative source of energy, microalgae have many advantages over 
the use of fossil fuels. Biofuel produced from microalgae has been recognized as a feasible 
source of energy as the diatom lipid production in the form of triacylglycerol (TAG) can be 
increased up to 60% of the total dry mass when it is cultured under optimal conditions2. To 
achieve an optimal growth rate, diatoms must be cultivated under nutrient-replete conditions. 
In contrast, nutrient exhaustion leads to a decrease in the cell growth; however, it increases 
lipid accumulation dramatically. The cellular factors contributing to lipid accumulation, 
include silica, nitrogen, phosphorus and CO2, which are associated with specific biosynthesis 
mechanisms.3, 4  
Raman spectroscopy can potentially be used to analyze fat composition in living single cells. 
This method enables identification of live cells and transfer of single cells for further cloning 
of the selective phenotype. Selective production of fat (e.g. chain length and number of double 
bonds) will contribute to the application of algal biofuel production, material, and food 
industries and medical production. However, typical auxotrophic selection methods cannot be 
used because the production or the absence of the particular fat should not be fatal to algae.5 
Additionally, conventional methods, such as liquid or gas chromatography, require sufficient 
amounts of sample and lysis of cells, which is not feasible for mass screening of a particular 
phenotype from enormous number of potential mutants. Another difficulty of chromatographic 
analyses arises from the large variation in the patterns of 3 acyl chains in the TAG. TAG must 
be decomposed into fatty acid chains through a methylation process, which requires additional 
operations to obtain reliable results. This type of conditional setting for the sample preparation 
is not necessary in Raman analysis. 
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Raman spectroscopy is based on the light scattering phenomenon. In the biological samples, 
water is the major component that may disturb the resolution of the spectroscopic methods, and 
this problem is particularly evident for infrared and near-infrared spectroscopies. Additionally, 
while information regarding lipid components cannot be obtained using fluorescence-based 
experiments, Raman spectroscopy can be used to acquire this data.6 Briefly, chemometrics is a 
method for interpreting or extracting information from spectra obtained using various 
spectrometers. Partial least squares regression (PLSR) and principle component analysis (PCA) 
are quantitative and qualitative analytical methods that have been used for various applications, 
including the study of nutrient status of microalgae,7 fish-oil quantity,8 and monitoring of 
cancer cells.9 Ordinary least square (OLS) analysis was used to determine the composition of 
materials in a mixed sample, which is based on the linear combination of pure component 
spectra.10 OLS was employed for extracting the pure component in skin tissue from 
biochemical Raman spectra. 11 Lipid droplets in cell treated with oleic and palmitic acid were 
investigated by Raman spectroscopy and OLS to determine the location of cellular 
peroxisomes. 12 In situ analysis of lipids accumulated in microalgae by Raman spectroscopy 
was performed for the lipid globules in green algae Botryococcus sudeticus, Chlamydomonas 
sp., and the Xanthophyceae, Trachydiscus minutus.13 Laser-trapping Raman spectroscopy was 
used to immobilize diatom cells during measurements in the green algae Neochloris 
oleoabundans.14 Both studies employed the ratio between 1656 cm-1 (C=C) and 1445 cm-1 (C-
H deformation) to construct a calibration model in order to determine the composition of fatty 
acids by constructing calibration models based on C=C and CH2 together with melting point 
and differential scanning calorimetry data. The green algae, Chlorella sorokiniana and N. 
oleoabundans were cultured under nitrogen-starved conditions and then carotenoids and 
triglycerides were investigated by Stokes Raman spectroscopy.15  
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In the present study, model-based OLS was employed to determine the relative composition 
of different types of fatty acid chains in a mixture of TAG in cells. The conventional method 
based on the ratio between two bands (e.g. I1656/I1445) is not reliable when the diatom had three 
or more fatty acid chain types in one sample. The reliability of OLS was validated by gas 
chromatography. The absolute concentration in the cell was not obtained in the present study. 
 
Materials and methods 
Preparation of diatom samples 
T .pseudonana was grown in artificial seawater supplemented with half-strength of Gulland’s 
solution (F/2ASW). Cells were first grown in normal F/2ASW, and then transferred and 
acclimated to 1 control and 6 different conditions for 3 days at 20°C with PPFD of 60 µEm-2 s-
1. Culture conditions were as follows: media with high nutrient content; (1) +Fe (F/2ASW with 
0.036 mM FeCl3·6H2O), (2) +N (F/2ASW containing 5.4 mM NaNO3), and (3) +CO2 
(F/2ASW under constant aeration with 5% CO2) and media without particular nutrients; (4) –
Fe (iron depleted), (5) –N (nitrogen depleted), and (6) -CO2 cultured under ambient aeration. 
 
Confocal Raman spectroscopy 
Raman measurements of T. pseudonana were carried out using a confocal Raman 
spectroscope, Nanofinder 30 (Tokyo Instruments, Inc., Tokyo, Japan), equipped with CW-
electronically tuned Ti: sapphire laser (ETL), Peltier cooled CCD detector (BR-DD410, Andor 
Technology, Belfast, Ireland) and water-immersed objective lens (×60, 1.10 NA, Olympus, 
Tokyo, Japan). The cells were placed in a dish with a quartz bottom for Raman measurements. 
The excitation wavelength was 785 nm with 50 mW at the sampling point. The spectra from 
30 cells from each cultured condition were collected over a range of 730–1800 cm-1. The 
exposure time was 60 s (30 s × 2 times). Raw spectra were pretreated by removing the 
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background (e.g. quartz, cultivation medium, etc.) and were normalized with a band at 1440 
cm-1 (C-H deformation mode). 
 
Gas chromatography (GC) 
Lipid was extracted from cells according to the Bligh and Dyer protocol16, which is suitable 
for a wet algal sample. Each 300-mL of diatom culture was centrifuged at 1500 g for 10 min. 
The collected diatom pellet (1.2 mL) was mixed with methanol (1.5 mL)/chloroform (1.5 
mL)/distilled water (1.5 mL) and sonicated for 1 min. The chloroform layer including the total 
extracted lipid was collected and the solvent was vaporized using nitrogen stream. The residue 
was then treated with a fatty acid methylation kit (Nacalai Tesque, Kyoto, Japan).  Squalene 
was added to reach an internal standard concentration of 0.82 nM. Next, 1 µL of sample was 
injected and analyzed using a gas chromatographic system (GC-2010, Shimadzu Co., Ltd., 
Kyoto, Japan). The peak area of each lipid species was normalized based on an internal 
standard. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
 
Selection of major fat species in diatoms using PCA 
PCA (Unscrambler 10.1, CAMO Software AS., Oslo, Norway) with full-cross validation was 
used to interpret the Raman spectra of the major lipids in diatom cells. To construct a prediction 
model, 8 lipid species (myristic acid (MA), palmitic acid (PA), palmitoleic acid (PoA), oleic 
acid (OA), linoleic acid (LA), linolenic acid (NA), arachidonic acid (AA), and 
eicosapentaenoic acid (EPA)) were purchased from Sigma-Aldrich and used without further 
purification.  
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Ordinary least square (OLS) 
OLS analysis was used to decompose the mixed components into pure components (Figure 
1). OLS is a chemometrics technique based on least square analysis (equation (1)). D is data 
matrix r×c, where r is the spectra obtained from diatoms and c is corresponding wavenumber 
of each sample. C (r×n) is the concentrations of “n” components, which are major components 
composing the samples. ST (n×c) is the corresponding spectra of each mixture component. E 
(r×c) is an unexplained residual matrix.  
 
 
 
Prior to OLS, initial estimation were calculated to be roughly estimated to minimize the lipid 
library by PCA. In the first step, spectral profile (ST) is the lipid library spectra and then used 
to estimate the sample concentration (C) in equation 2.  
To validate the OLS results, correlation between lipid libraries and diatom samples 
concentration were performed by using R (correlation coefficient) as follows; 
R =  
∑ (𝑥𝑖−?̅?)
𝑛
𝑖=1 (𝑦𝑖−?̅?)
√∑ (𝑥𝑖−?̅?)
𝑛
𝑖=1
2√∑ (𝑦𝑖−?̅?)
𝑛
𝑖=1
2
          (Eq.3) 
where x and y are lipid libraries and calculated sample concentration, respectively. The number 
of sample is assigned with ith from 1 to n sample. OLS, correlation coefficient and standard 
deviation were performed by using MATLAB (The Mathworks Inc., MATLAB Version 7.1 
R2010a).  
 
Results and Discussion 
In the present study, chain lengths and the number of double bonds of fatty acid chains were 
analyzed. Although various types of fatty acid chains are found in diatoms, exhaustive analysis 
of all these chains was not possible. Only major types of fatty acid chains could be analyzed in 
D = CST + E  (Eq.1) 
C = D (ST)+  (Eq.2) 
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this study. It was extremely difficult to precisely estimate the spectral features from the raw 
spectral data since spectral profiles of each fatty acid resembled each other. In order to identify 
the major types of hydrocarbon chains, a conventional ratiometric method was first applied. 
Ratiometrics have been used to identify lipid species with respect to the ratio of 2 bands at 
1660 and 1440 cm-1.13, 14 Figure 2 shows the ratiometric plot of fatty acids and diatom samples. 
Diatom lipids are mostly plotted between palmitic and linoleic acid, suggesting that their fatty 
acid chains contain more than one double bond. One sample plotted between palmitic and oleic 
acids had a fatty acid chain with less than one double bond. Because diatoms contain TAGs 
with varied compositions in their fatty acid chains, ratiometric analysis is not sufficient to 
reflect their characteristics. Because the band intensity at 1660 cm-1 corresponds to the total 
number of C=C bonds in this method, the ratio of 1660/1440 is only valid when the sample 
contains only 2 fatty acid species. Additionally, the band at 1660 cm-1 was sensitive to lipid 
oxidation as the band intensity changed depending on the level of conjugation.17, 18 To 
overcome these limitations, multivariate analysis was necessary.  
PCA analysis was applied to determine major fatty acid chains in diatoms. When diatoms 
have particular variations in several major fatty acid chains, they will appear as major PCs in 
PCA, if the concentration of these fatty acid chains changes independently. The data from 
several pure fatty acids were added into the data set of diatoms for PCA. These data for pure 
fatty acids were used as indices to assign the origin of each PC. Figure 3 depicts a score plot 
of PC 1 and 2 of the PCA analysis, which was carried out for the data set of diatoms and 6 fatty 
acids. The plot shows that the data for myristic acid (MA: 14-carbon, 0-double bond), palmitic 
acid (PA: 16-carbon, 0-double bond), palmitoleic acid (PoA: 16-carbon, 1-double bond), and 
eicosapentaenoic acid (EPA: 20-carbon, 5-double bond) were close to the data of diatoms, with 
data for 2 other fatty acids plotted relatively far from these diatoms. According to analysis of 
the score plots constructed for PC 15, these 4 fatty acids were always observed close to the 
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diatom data set. This result is consistent with the results of GC Figure 7, suggesting that the 
diatoms examined in this study have these 4 major fatty acid chains in their TAGs. 
Raman spectra for the 4 major fatty acids and an averaged spectrum of normal diatoms are 
shown in Figure 4. The diatom cell includes protein and carotenoid in addition to TAG but the 
contribution of these components is relatively small according to the spectral features of 
diatoms. Major bands at 1660 1440, 1304, and 1265 cm-1 were assigned to C=C stretching, C-
H deformation, CH2 bending and =C-H bending vibrational modes of the fat species. Band 
assignments in the 8001200 cm-1 region are listed in Table 1. A band at 1735 cm-1, which was 
observed only in the diatom spectrum, was assigned to the C=O stretching mode of ester 
bonding in TAG, as the fat in the diatom was in the form of TAG. Bands at 1660 and 1265 cm-
1 were particularly strong and sharp in the spectra of unsaturated fatty acids PoA and EPA, 
which are good markers for these fatty acid chains. The spectral region from 8001200 cm-1 
(Figure. 4) was useful for decomposing the spectra because it represented the characteristic 
pattern of each lipid species. This region contains the C-C backbone structure of each fatty acid 
which is contributed to the chain length and conformation from rotation of C-C bonds. The 
band at 1068 cm-1 was assigned to trans-C-C rotamers and those at 1080 and 1120 cm-1 were 
due to gauche-C-C rotamers. The alkyl chains in solid fatty acid are typically arranged in the 
trans form, while the gauche rotamers are typically observed in the liquid phase fatty acid.19 
Significant bands at 865, 931, and 974 cm-1 assigned to δ C-C, ν C-C, and δ =C-H vibrational 
modes were observed on the spectra of polyunsaturated fatty acids, EPA and NA, but they were 
not observed on the spectrum of PoA with a single double-bond. These bands were observed 
also in the spectra of the diatoms, suggesting the existence of polyunsaturated fatty acid chains. 
Diatoms showed distinct types of Raman spectra compared to the pure fatty acid sample, 
with spectral features that were totally different when an excitation wavelength of 633 nm was 
used. Figure 5 shows the Raman spectra of the diatom measured at a 633 nm-excitation (a) and 
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785 nm -excitation (b) wavelength. Broad bands near 1200 and 1650 cm-1 appeared on the 
spectrum (a), which were attributed to the fluorescence of chlorophyll-a and b. The 633-nm 
light appeared to excite absorption bands due to Qx and Qy electronic modes, with 
corresponding fluorescent bands observed. In contrast, the spectrum measured at an excitation 
wavelength of 785 nm showed several strong bands due to the presence of carotenoids. Because 
the molecular concentration of carotenoids was much lower than that of lipid or protein, the 
spectrum was attributed to pre-resonance enhanced by the excitation at 785 nm. Because the 
absorption bands of carotenoid appear near 450 and 490 nm, the excitation light was resonant 
with the bands, although they were about 300 nm apart from the excitation wavelength. The 
bands at 1170, 1525, and 1630 cm-1 were only minimally observed in the 633 nm-excited 
spectrum over the strong fluorescent background, suggesting that the carotenoids are also pre-
resonant enhanced at this excitation wavelength. In contrast, there were no bands due to 
carotenoids in the fat-rich Raman spectrum of diatom (Figure 4 (e)). Carotenoid species show 
high affinity to fat and have suppressive effects for singlet oxygen and lipid oxidation.20 
However, the present result indicates that no carotenoid exists near the fat drop in the diatom. 
Thus, the fat drop is not a long-term energy storage form, but is included in a dynamic 
physiological regulation under changing environment. The diatom appears to actively 
synthesize, modify, and consume fat. The recent studies have also stated the role of lipid 
droplets rather than energy depots, lipid droplets play many active roles in the cell 
regulation.21,22 
Diatoms cultured under control and 6 different conditions were analyzed by Raman-OLS 
analysis and GC (Figure. 6 and 7). For OLS analysis, the spectral region from 800-1200 cm-1 
was used because the intensity of the band of the C=C stretching mode near 1660 cm-1 was too 
sensitive to the conjugation of double-bonding. Raman analysis of each diatom cell showed 3 
patterns of variations. These 3 groups were defined according to the composition of saturation 
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of the fatty acid chains. Classifications were made based on the ratio between the total amounts 
of saturated fatty acid chains (SFA; myristic and palmitic acids) and unsaturated fatty acid 
chains (UFA; palmitoleic and eicosapentaenoic acids). The first group was for the saturated-
fat dominated (SFD) group, in which the SFA/UFA ratio was higher than 1.5. The other refers 
to the unsaturated-fat dominated (UFD) group in which the SFA/UFA ratio was lower than 
0.67. Another group included similar amounts of saturated and unsaturated fat chains, with an 
SFA/UFA ratio between 0.67 and 1.5. This group was referred to as the saturated-unsaturated 
fat transformation (SUFT) group. Guschina et al., 23 suggested that the unsaturated fatty chain 
is derived from the saturated fatty chain by desaturase during its biosynthesis. The results 
suggested that the SUFT diatom underwent transformation from SFD to UFD, and vice versa. 
The GC result showed a high PA chain content, but the 3 different types (SFD, UFD and SUFT) 
in diatoms were unable to be identified in the GC results. The correlation coefficient of OLS 
analysis was typically more than 0.9, and the averaged Raman data agreed with that of GC, 
strongly suggesting that Raman spectroscopy with OLS analysis is reliable for total fat analysis 
in diatoms. Notably, diatoms show large varieties in the particular components of fat chains, 
even under the same culture conditions which were not differentiated by the GC analysis.  
According to the GC analysis, the contents of total fatty acids increased in diatoms cultured 
under -Fe, +CO2, and -N conditions (Figure 7). PoA content was relatively high under control, 
-Fe and -CO2 conditions, and that of EPA was high under control, -Fe and -CO2 conditions. In 
contrast, Raman analysis suggested slightly different results. The relative populations of SFD, 
SUFT, and UFD groups are shown in Table 2. UFD-rich diatoms were the primary components 
in diatoms cultured under control and -Fe conditions. The population of the SUFT group was 
remarkably reduced under the -Fe condition. This indicates that the iron starvation 
simultaneously stimulates fat production together with the activities of desaturase and 
elongase. Lipid accumulation response to iron deficiency in Thalassiosira oceanica was found 
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to be used as supplementary energy sources when the photosynthetic system is ruined by iron 
starvation.24 In addition, 3741 polyunsaturated fatty acid elongase was up-regulated in T. 
pseudonana grown in iron depleted condition. This protein family is involved in the elongation 
of long-chain fatty acids.25,26 The accumulation of fatty acids in green algae Pavlova lutheri, 
Chlorella vulgaris, Chlorella kessleri, and Dunaliella tertiolectra diatoms supplied with high 
CO2 levels were found to contain more SFA and MUFA.
27,28 Sato et al. found that a reduction 
in UFA could result from the balance mechanism of CO2 concentration and fatty acid 
desaturation.29 The effects of lipid accumulation in nitrogen limitation from S. minutulus 
showed that total TAGs were increased.30 Fatty acid compositions in the diatoms cultured 
under -N found to cause high accumulation of SFA in the present study. As previously reported 
by Liang et al., saturated fatty acids in P. tricornutum and C. muelleri were increased by 
nitrogen deprivation.31 
The diatoms cultured under +Fe and +CO2 conditions showed a high population in the SUFT 
group. This cannot be determined using GC analysis, which suggests a decrease in unsaturated 
fats. It is unlikely that the fat storage ability is a housekeeping function for the UFD diatom 
because the SUFT diatom also contains some unsaturated fat. The diatom initially showed a 
UFD-rich pattern that was similar to the control condition, but then the UFD population 
reduced with the addition of Fe or CO2 to the mediums. OLS results also indicated that, for 
UFD of +Fe and +CO2, the relative concentration of PoA was high while EPA remained low. 
This result indicates that the activity of Δ9 desaturase contributes to form C=C to PoA; 
however, another mechanism involved in the production of poly-unsaturated fat was non-
functional. Fatty acid elongase adds hydrocarbons to the fatty acid chains to synthesize EPA 
from shorter fatty acids.23 Fatty acid elongase appeared to be suppressed under +Fe and +CO2 
conditions, resulting in a reduced concentration of unsaturated fat and classification of these 
diatoms into the UFD group.  
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The pattern of fat composition in the SFD group remained similar, with PA always high and 
MA, PoA, and PA always low. These components remain steady in T. pseudonana. In contrast, 
the diatoms cultured under –CO2, -N, and +N showed remarkable property in the fat 
composition of UFD group. Because the concentration of EPA was relatively high, the 
concentration of PoA was similar or less than that of PA. Despite this relative amount of EPA, 
these conditions showed the same population pattern in which only approximately 6% 
belonged to UFD group, while more than 60% were categorized as SFD. It is assumed that the 
present simple classification was not sufficient to elucidate the dynamics of the fat production 
and degradations in the diatom, although obtained data were much more detailed information 
for each diatom cell by comparing the results with those of conventional GC analysis. 
 
Conclusion 
In this study, Raman spectroscopy combined with OLS was demonstrated to analyze the 
detailed composition of fatty acid chains in live diatoms. The consistency between GC and 
Raman results confirmed the feasibility of this method as a non-invasive/non-preprocessing 
tool that can be used to decompose fat composition and quantify the concentration from a 
mixed sample used for biological applications. These results provide insight into the dynamics 
of variations in fat synthesis that could not be observed using any other methods. High-quality 
Raman spectra of fat content was obtained by focusing on a single live diatom. Some spectra 
revealed strong pre-resonant Raman bands of carotenoids, which are components of 
photosynthetic systems. This suggests that localization of the fat storage (fat drop) is isolated 
from photosynthetic systems. Despite the complicated bands in the 8001200 cm-1 region, OLS 
can provide reliable quantitative information with a correlation coefficient of more than 0.9. 
The spectra for each condition were classified into 3 groups: SFD, SUFT, and UFD. Sufficient 
pretreatment is required to improve the spectrum and prediction quality. 
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Figure legends 
Fig. 1 Scheme of mathematical expression of OLS. 
Fig. 2 Ratiometric curve calculated for diatom lipids and pure fatty acids; palmitic acid (PA), 
oleic acid (OA), glycerol trioleate (GTO), palmitoleic acid (PoA), linoleic acid (LA), 
linolenic acid (LnA), and arachidonic acid (AA). 
Fig. 3 Score plot of PCA for diatom lipids and pure fatty acids. 
Fig. 4 Raman spectra of EPA (a), PoA (b), PA (c), MA (d), and the fat rich region of the 
diatom (e). 
Fig. 5 Raman spectra of diatom measured at an excitation wavelength of 633 (a) and 785 (b) 
nm. 
Fig. 6 Composition of MA, PA, PoA, and EPA analyzed using the Raman-MCR-ALS method 
for 3 groups of diatoms; SFD (――), UFD (‑‑‑‑) and SUFT (‧‒‧‒) cultured under the 
absence (-) and excess (+) of Fe, CO2, and N, as well as control conditions. The error 
bars shows standard deviation. 
Fig. 7 Composition of MA, PA, PoA, and EPA analyzed with Raman (――) and GC (‑‑‑‑) 
analyses cultured under poverty (-) and excess (+) of Fe, CO2, and N, as well as control 
conditions. The Raman data shows averaged values including SFD, UFD and SUFT 
types. The error bar shows the standard deviation. 
 
Table 1 Assignment of major Raman bands. *Abbreviations: ν, Stretching; δ, bending;  
ρ, rocking. (Wu et al., Samek et al., Rehman et al.) 
Table 2 Populations of diatom cells in the SFD, SFA, and UFA groups cultured under 
control, poverty (-), and excess (+) of Fe, CO2, and N conditions. 
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Figure 3. Score plot of PCA for diatom lipids and pure fatty acids. 
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Figure 4. Raman spectra of EPA (a), PoA (b), PA (c), MA (d), and the fat rich 
region of the diatom (e). 
Figure 5. Raman spectra of diatom measured at an excitation wavelength of 633 (a) 
and 785 (b) nm. 
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Figure. 6: Composition of MA, PA, PoA, and EPA analyzed using the Raman-MCR-ALS 
method for 3 groups of diatoms; SFD (――), UFD (‑‑‑‑) and SUFT (‧‒‧‒) cultured under 
the absence (-) and excess (+) of Fe, CO2, and N, as well as control conditions. The error 
bars shows standard deviation. 
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Fig. 7: Composition of MA, PA, PoA, and EPA analyzed with Raman (――) and GC (‑‑‑‑) 
analyses cultured under poverty (-) and excess (+) of Fe, CO2, and N, as well as control 
conditions. The Raman data shows averaged values including SFD, UFD and SUFT types. 
The error bar shows the standard deviation. 
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Peak Position 
(cm-1) Assignment 
865 δ C-C lipids 
931 ν C-C 
974 δ =C-H out-of-plane 
1068 ν C-C trans 
1080 ν C-C gauche 
1120 ν C-C gauche 
1265 δ =C-H in-plane 
1304 δ CH2 twisting 
1440 δ CH2 scissor 
1660 ν C=C cis 
1748 ν C=O 
Table 1 Assignment of major bands. 
*Abbreviations: ν, Stretching; δ, bending; ρ, rocking 
(Wu et al., Samek et al., Rehman et al.) 
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Condition 
Diatom population (%) 
SFD SUFT UFD 
control 23 15 61 
Fe - 33 9 52 
Fe + 55 33 5 
CO2 - 68 22 4 
CO2 + 39 56 4 
N - 72 22 5 
N + 68 15 10 
Table 2 Populations of diatom cells in the SFD, SFA, and UFA groups cultured under 
control, poverty (-), and excess (+) of Fe, CO2, and N conditions. 
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Chapter II: Analysis of the effects of dietary fat on body and skin lipids of 
hamsters by Raman spectroscopy 
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Abstract 
 Raman spectroscopy has previously been applied for studying lipid metabolism. In this 
study, a ball lens-installed hollow optical fiber Raman probe (BHRP) was used for the 
noninvasive measurement of skin lipids in hamsters. Our analysis suggested that multi-
unsaturated lipids, once converted into a structure containing conjugated double bonds, were 
oxidized into the form of peroxides. These results were applied for analyzing lipid metabolism 
in adipose and skin tissues in hamsters fed tricaprin, saturated medium-chain triglycerides and 
trilinolein, unsaturated long-chain triglycerides fat diets. Unsaturated lipids formed conjugated 
structures in skin tissue but not in adipose tissue. Principal component analysis (PCA) revealed 
that the dietary fat intake correlated strongly with lipid composition in body and skin tissues. 
Hence, the present results successfully demonstrate that Raman spectroscopy with a BHRP can 
be a powerful tool for analyzing lipid metabolism. 
 
Key words: Raman spectroscopy, fiber optic Raman probe, skin lipids, non-invasive 
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Introduction 
FAO recently addressed the challenge of preventing and controlling non-communicable 
diseases (NCDs) in its 2014 global forum. NCDs including diabetes, heart disease, and cancer, 
are among the leading causes of death globally. One of the leading factors accounting for NCDs 
is obesity. The major cause of obesity is an unbalanced or high-fat diet. A study conducted 
from 1990 to 2010 revealed that the global body-mass index increased continuously over this 
period.1 Several studies have suggested that a reduction in saturated fat (e.g. butter or 
margarine) intake, with a concomitant shift to unsaturated fat consumption (e.g. olive oil and 
fish oil) reduced LDL cholesterol and postprandial blood glucose levels, consequently lowering 
the risk of heart disease. 2,3 However, not all trans-fat is culpable for obesity-linked diseases. 
For example, tricaprin (TC), having trans-medium chain fatty acids (MCFA) found abundantly 
in milk fat and coconut oil, is beneficial in increasing high-density lipoprotein levels.4 Dietary 
fats are generally long-chain triglycerides (TGs) with long chain fatty acid (LCFA) which has 
14 or more carbon atoms. In contrast, medium-chain TGs are composed of MCFAs with 8 or 
10 carbons. They are metabolized differently.5 MCFAs are highly susceptible to breakdown as 
a “ready-to-use” fat. These facilitate oxidation reactions in the liver and release energy more 
readily.5-7 Trilinolein (TL), having unsaturated LCFAs, has also been reported for maintaining 
healthy skin conditions.8 Thus, the metabolism of fats with different chain length and saturation 
attracts keen attentions of researchers.9  
In the present study, we applied Raman spectroscopy for the study on the fat 
metabolism. Raman spectroscopy had been successfully applied for studies of the skin of which 
ranging from thickness of the stratum corneum to the effects of skin lipid content on aging.10-
12 Subcutaneous adipose tissue isolated from different species (pigs, chickens, sheep, and cows) 
have been used to classify the fat-type and predict the amount of fatty acid with 99.6% and 
80%–97% accuracy respectively.13,14 Muik et al. reported the lipid degradation in vegetable oil 
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using Fourier transform (FT-) Raman spectroscopy.15 Their results demonstrated the feasibility 
of Raman spectroscopy to detect the changes in 6 vegetable oils with varied unsaturated fatty 
acid heated to 160°C. The conjugated diene moiety was reported as a marker for early stage of 
lipid oxidation. A ball lens-installed hollow optical fiber Raman probe (BHRP) would be a 
powerful tool for analysis of fat content in the skin.16,17 In the previous report, BHRP 
successfully detected colorectal tumor advancement in live animals.18  
Here, we aimed to evaluate the relationship between dietary fat and skin lipids at the 
molecular level using the Raman analysis. The metabolic and digestive reactions for LCFA 
and MCFA function through different pathways and have different endpoints. For example, TL 
which possesses three LCFAs, passes through the lymphatic system and is stored mainly in 
adipose tissue.5,6 Most part of the MCFA are transported via the portal vein to be oxidized in 
the liver while small portions are packed together with LCFA in chylomicrons which is a 
lipoprotein transporting lipids in lymphatic vessels.19  
 In the present study, we demonstrate the potential of Raman spectroscopy in a real 
time, in situ analysis of fat accumulation in the body and skin, especially with a BHRP. The 
BHRP allowed us to obtain high quality Raman spectra of the live animal skin in the totally 
nondestructive manner. The knowledge on the fat metabolism for body and skin fats and the 
feasible measuring technique can be used as an alternative intervention for lipid control.  
 
Materials and methods 
Animals  
Six-week-old Golden Syrian hamsters were obtained (SLC, Shizuoka, Japan). The 
weight of the hamsters at the beginning of experiment was ranged from 70 to 110 g. All animals 
(n = 18) were randomly assigned to control or TL- or TC- (TCI, Tokyo, Japan) treated groups. 
Distilled water for drinking, and TL and TC supplements were newly prepared every day to 
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avoid any kinds of degradation and contamination. The amount of TL and TC supplements 
were recalculated daily to be approximately 0.5% of each hamster’s body weight. Supplements 
were orally administered between 13:00 and 15:00 hours daily. Picolab Rodent Diet 5053 
(LabDiet®, St. Louis, MO, USA) was fed to all treatment groups also. Food and water were 
available ad libitum, except during oral fat administration. Hamster weight and food intake 
levels were measured daily to observe abnormalities from oral fat administration. This study 
was approved by the ethics committee of Kwansei Gakuin University. 
 
Raman measurements  
A 785-nm diode laser (Toptica Photonics, Munich, Germany) coupled with a single 
polychromatic Raman spectrometer (F4.2, focal length 320 mm, 750-nm blazed 600 lines·mm-
1 grating; Photon Design Co. Ltd., Tokyo, Japan) and a charge coupled device detector 
(DU420-BRDD; Andor Technology Co. Ltd., Northern Ireland) were used for the Raman 
measurements (Figure. 1A). For measuring hamster abdominal skin and visceral adipose tissue, 
the laboratory-made BHRP was used. The probe consisted of a sapphire ball lens 500 µm in 
diameter (Edmund Optics, USA) and a hollow optical fiber with a 340 µm inner diameter 
(Doko Engineering LLC, Miyagi, Japan), with a maximum thickness of 640 µm. The BHRP 
was coupled to the spectrometer through a long-pass filter (LF; Semrock, USA), a notch filter 
(NF; Kaiser Optical System, USA), and a coupling lens (CL) to focus the laser into the hollow 
optical fiber. The spectral resolution was approximately 10 cm-1 with a slit-width of 100 µm. 
An inhalation anesthesia apparatus (SurgiVet, USA) was used to anesthetize hamsters 
with 2.0%–2.5% isoflurane (Mylan, Japan). A heating bed (37°C) was used to prevent 
hypothermia and maintain physiological skin condition. The abdominal region of the hamsters 
was shaved and cleaned with ethanol (70%). The skin spectra were acquired by two 30-second 
measurements using a 50-mW excitation light. After skin spectra measurement, hamsters were 
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euthanized using excess isoflurane. The abdominal adipose tissue was then dissected and 
analyzed. The dissected tissues were stored in -80°C to prevent lipid oxidation.  
Lipid oxidation in fatty acids was observed using the same spectrometer described 
above and the microscope was coupled with an objective lens (×20, N.A. 0.4, Mitutoyo, Japan) 
in place of the Raman probe. To observe the auto-oxidation of lipids, cis-9, cis-12-18:2 linoleic 
acid (LA) and cis-9-18:1 oleic acid (OA) were spotted on an open-air dish and kept in a CO2 
incubator (37°C, 100% humidity) for up to 7days. The Raman spectra of these lipids were 
recorded at 0, 1, 2 and 7th day. The spectrum of trans-10, cis-12-18:2 conjugated LA was also 
measured with this setup. The structures of LA (a) and conjugated-LA (b) are shown in Figure. 
1B. All fatty acid samples were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
 
Data analysis 
Raman spectra were corrected for background due to the materials of the sample 
container; quartz or aluminum, and BHRP. Spectra were then baseline-corrected with a 5th 
polynomial line fit. The spectra of in vivo skin measurements were then normalized to the 
phenylalanine band near 1003 cm-1 to correct the spectral intensity. The spectra of adipose 
tissue and lipid oxidation were normalized using 1440 cm-1 of CH2 band. The areas under the 
spectra were deconvoluted by Lorentzian curve fitting to estimate the band area. Further 
spectral processing was carried out using MATLAB (The Mathworks Inc., MA, USA) and 
Unscrambler (CAMO Software AS., Oslo, Norway). 
 
Results and Discussion 
Lipid peroxidation 
During the oxidation process, a fatty acid chain is often break down into a peroxide. 
Lipid peroxidation is involved in many biological processes including lipid degradation, lipid 
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and metabolization.20 Figure 2 shows the Raman spectra of LA (a) and OA (b) kept in a dark 
incubator. The spectra were measured at 0, 1, 2, and 7 days and their intensities were corrected 
with a standard band at 1440 cm-1. Bands at 1655 and 1440 cm-1 are assigned to a vinyl C=C 
stretching mode and C-H deformation modes of the CH2 and CH3 groups. The intensity ratio 
of these bands is often used to evaluate unsaturation in oil products.15,21 Bands at 1300 and 
1264 cm-1 are assigned to =C-H and C-H deformation modes of the fatty acid chain. The 
overlapping spectra of LA show large alterations in its features during the auto-oxidation. A 
broad band at 865 cm-1 was due to the O-OH stretching mode of peroxide. Remarkably, the 
intensity of the band at 1655 cm-1 increased over time. This result strongly suggests that the 
structure of unsaturated LA was transferred from cis-9, cis-12 form to the conjugated form 
during the initial auto-oxidation process. A Raman spectrum of conjugated-LA is depicted in 
Figure. 2 (c). It shows a remarkably strong band at 1655 cm-1 that is due to a similar C=C 
stretching mode but indicates conjugated double bonds. These results reveal that the oxidation 
process was initiated by the dislocation of the double bond in the fatty acid chain. In the LA 
spectrum at day 7, a band due to peroxide appeared at 865 cm-1 and the band at 1264 cm-1 
showed reduced intensity, indicating that the double bond was cleaved.22 Hence, the second 
oxidation stage occurred following the conjugation process. Furthermore, the band at 1264 cm-
1 did not increase with the conjugation process and did not resemble the band at 1655 cm-1. 
This occurs because the hydrogen atom bound to the carbon atom is isolated from the 
conjugation system. The band intensity did not increase regardless of the structural changes. 
Hence, the band resulting from the =C-H bending mode is a better marker to evaluate the 
unsaturation of the lipids than that at 1655 cm-1. The Raman spectra of OA in Figure. 2 (b) 
shows small changes in contrast to those of LA. Because OA possesses one double bond, trace 
changes were observed in band intensities at 1655 and 1264 cm-1 during the 7 days of auto-
oxidation. Besides, the band due to the peroxide group at 865 cm-1 did not appear in the 
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spectrum, strongly suggesting that the double bond in the conjugation system is easily oxidized 
compared with the independent double bond in OA. 
It was also reported that the conjugated diene structure was an indicator of early stage 
lipid peroxidation.3,4,22,23 The present results are in concordance with the scheme of auto-
oxidation in multi-unsaturated lipids. When the lipid has a fatty-acid chain with multiple double 
bonds, the double bonds require a conjugation system in the chain to reduce the potential energy 
in the first oxidation process. The conjugated double bonds are rich in π-electrons and the 
surrounding carbon atoms have a lower density of electrons. This area has a high reactivity and 
is easily attacked by oxygen, which may be a radical oxygen, to form peroxides, which 
constitutes the second oxidation process. The peroxyl radical of the lipid can attack its adjacent 
components including fat or protein membranes.24 The radical oxygen species (ROS) such as 
hydroxyl radical and hydroperoxide are prevalently involved in the lipid peroxidation 
mechanism. The polyunsaturated fatty acids yield highly susceptible to ROS attack. The 
ROS reaction comprises 3 steps; initiation, propagation and termination. During the 
initiation step, the conjugated diene are formed as the hydrogen abstraction occurs. The 
conjugation system is regarded as an indicator for early stage of lipid peroxidation.25-28 
Ratios of the band-area intensities of the bands at 1655 and 1264 cm-1 (I1655/1264) were 
compared between OA and LA during the auto-oxidation process in Figure. 3A. The 
overlapping two bands from 1200 to 1350 cm-1 were deconvoluted by Lorentzian function 
curve fitting. The maximum value of I1655/1264 was 3.16, which is estimated from the spectrum 
of the completely conjugated LA (Figure. 2(c)). The minimum value appeared to be 1.12 ± 
0.01 for LA and 1.52 ± 0.01 for OA. The difference in these I1655/1264 values for OL and OA 
probably attributes to an overlapping band due to the C=O stretching mode of dimerized LA 
or OA on the band at 1655 cm-1. The I1655/1264 value increased drastically only for LA (up to 
2.61 ± 0.28) along with the auto-oxidation. These findings suggest that LA is converted to 
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conjugated-LA. Hence, I1655/1264 is a good marker for evaluating the extent of conjugated double 
bonds produced in the first oxidation process of lipids. Therefore, the band at 865 cm-1 is also 
a good marker for evaluating the peroxidation of lipid produced in the second oxidation 
process.  
 
The lipid accumulation effect on adipose and skin tissues 
Excess dietary-fat intake in rodents and humans was reported to induce mitochondrial 
H2O2 emission, which is the key player of lipid oxidation in skeletal muscle.
29 Kusminski et al. 
suggested that excess lipid intake can stimulate the mitochondrial electron transport chain 
(ETC) activity.30 ETC is a major producer of reactive oxygen species (ROS) in adipocytes, 
which induce ROS production. According to the studies using 3T3L1-adipocytes, ROS 
production was increased when these cells was cultured under high-fat conditions.31,32 
Therefore, the cellular lipid content in the adipocyte is oxidized by ROS and reactive aldehydes, 
resulting in the production of peripheral components. Previous study has suggested that the 
adverse effect of dietary fat is not only obesity but also the side-effects resulting from the fat 
oxidation, which should also be considered.33 
In this study, the dissected adipose tissue were measured directly in contact with a 
BHRP. Working distance and sampling volume of the BHRP are 58 µm and 46 µm (FWHM), 
respectively. 16,17 The sampling volume of BHRP, which was ~50 µm in diameter, is much 
larger than the size of the cell, suggesting that the spectrum represents the adipose tissues well. 
The mean spectra of adipose tissues isolated from the controls, TC-, and TL-fed groups 
measured at the 6th week are depicted in Figure. 4(a). There is no sharp band observed at 1003 
cm-1 due to phenylalanine which is characteristic for protein. The spectra mostly arise from 
lipids, suggesting that it is possible to ignore the effect of protein and any other tissue materials 
in the following analysis. The spectral intensities were corrected with a standard of the band at 
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1440 cm-1 because it represents the total amount of organic materials in the sample. The spectra 
show a band at 1742 cm-1 due to the C=O stretching mode of the ester group in the TG 
component. Bands at 1655, 1440, and 1264 cm-1 are assigned to the C=C stretching mode, C-
H bending mode of CH2 and CH3 groups, and =C-H bending mode. The subtracted spectra of 
the fat-fed groups and control group showed small bands at the 1655 and 1264 cm-1. They are 
in positive and negative direction in the difference spectra of the TL- and TC-treated samples, 
respectively. This finding indicates a reduction and increase in the total number of C=C bonds 
in the adipose tissue of TC- and TL- fed animals, respectively; however, the difference was too 
small to discuss in detail with regard to the subtracted spectra. The I1655/ 1264 value of these 
spectra are compared in Figure. 3B, which does not show any significant difference up to 6 
weeks, suggesting that the oxidation process of lipids proceeds in a remarkably slow manner 
in adipose tissue. ROS scavengers, such as carotenoids and vitamin E, may reduce lipid 
oxidation.22  
The spectra measured in the hamster skin of the control, TC-, and TL-groups are 
depicted in Figure. 4(b). A band at 1655 cm-1 is assigned to an amide I mode of protein, which 
is much broader than the band due to C=C stretching mode of lipids. Bands arising due to 
protein are observed at 1263 and 1003 cm-1, which are attributed to the amide III mode and 
phenyl ring mode of phenylalanine. Strong features appearing from 800 to 950 cm-1 are 
assigned to the proline and C-C skeletal modes of collagen and keratin. It should be noticed 
that the bands in 1655 cm-1 region can be assigned to both C=C and amide I modes as both of 
which are overlapped. The Raman spectra measured from the stratum corneum was reported 
to yield composition of ceramide.34 However, the band at 1742 cm-1 assigned to TG is faintly 
observed in the skin spectra, indicating that the spectra have contribution from TG rather than 
ceramide. The main producer of TG in the skin is the sebaceous gland, which is resided in the 
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dermis layer of the skin. This suggests the working distance of BHRP deep down into the 
dermis layer.16,17  
 
Chemometrics analysis 
We employed PCA to analyze the spectral changes in detail. Partial least square 
regression (PLSR) analysis was also used for supporting the PCA results. To investigate 
adipose tissue in detail, all the spectra (n = 135) obtained from 18 animals (control: 6; TC: 6; 
TL: 6) were subjected to PCA. Figure 5 shows PC1 scores (A) of each sample and loading 
plots (B) of the PC1. Judging from the spectral feature of the PC1 loading plot, PC1 mainly 
represents the unsaturation of fatty-acid chains. It shows strong positive bands at 974, 1264 
and 1655 cm-1, which are assigned to vibrational modes of double bonds. At the 2nd week, there 
are no obvious differences observed in the score plot between the datasets for control, TC-, and 
TL-fed tissues. Along with the term of feeding, the dataset of the TC group has lower, while 
that of the TL group has higher PC1 scores than the control. This clearly suggests that dietary 
fat is accumulated directly in adipose tissues. We assigned -1, 0, and 1 for dependent variables 
of the TC, control, and TL datasets of 6th week and calculated a PLSR-discrimination model. 
The R square value for leave-one-out cross validation was more than 0.96 for the model 
constructed only with the factor 1. The loading plot of the factor 1 is very similar to that of the 
PC1. Thus, implying that the accumulation of dietary fat results in a much larger perturbation 
than that due to individual synthetic lipid characters. Factor 2 seemed to reflect the frequency 
shift of the bands, which may be attributed to the transformation between trans- and cis- forms 
of the double bonds. These changes are presumably due to the difference in chain length of TL 
and TC.  
Interestingly, TC (MCFA) is reported to be primarily modified by β-oxidation and be 
taken into the metabolic lipid circulation rather than accumulated in adipose tissue.5,6 However, 
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the present result suggests that a relatively large portion of the dietary TC can be stored in the 
body adipose tissue, which can affect the total amount of TG. Although less than 10 % of 
MCFA in the post-prandial stage is incorporated into chylomicron-tryglyceride, the adipose 
tissue preferentially takes up the fatty acids via the chylomicron-triglyceride.35,36 The 
accumulation of TC in adipose tissue was found solely in the TC-treated group, that is also 
confirmed by gas chromatography. The present results confirmed that TC cannot be 
synthesized in the body but the ingested TC can be accumulated in the body. 
The Raman spectra of the skin of hamsters fed TL and TC are compared with the control 
spectra using PCA. The PC1 scores are plotted against the sample number in Figure. 6A-C and 
their loading plots are shown in Figure. 6D. Because the spectral intensity was standardized 
with the band at 1003 cm-1 owing to the phenylalanine group of protein, a very small 
contribution from protein is observed in the loading plots and the spectral changes are largely 
due to the variation in the lipid concentration of the skin sample. Indeed, the features of the 
PC1 loading plots are similar to that of the adipose tissues in Figure. 4(a). The spectral features 
of TG are concealed behind the strong contributions of other major components such as protein, 
making it difficult to analyze the lipid oxidation directly in the original skin spectra (Figure. 
4(b)). However, the explained variances of PC1 are 54%, 46%, and 78%, suggests that the lipid 
composition in skin is strongly influenced by body fat composition. The I1655/1264 values 
calculated for the PC1 loading plots (Figure. 6E) increased slightly with the feeding terms, 
suggesting that the conjugation process proceeds on the skin surface in a time-dependent 
manner. According to the PLSR-discrimination analysis, R square values for the model and 
leave-one-out cross validation results were 0.22 and 0.18, respectively, for the model obtained 
with only factor 1. The low R square values imply that the composition of sebum does not have 
a simple linear relation with the dietary fats. Wax esters which account for approximately 25 % 
of sebum lipids are synthesized only by sebocytes.37 It suggests that the sebum lipid has a higher 
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content of synthesized fat chains by sebocytes. On the other hand, the variance of the TC or 
TL dataset is smaller than that of control dataset in the score plot for the dataset of 6th week in 
Figure. 6C. It suggests that sebocytes in sebaceous gland prefer to capture fatty acids directly 
from blood and/or lymph, although they are capable of synthesizing various TGs. The loading 
plot of factor 1 in PLSR analysis showed a large contribution of lipid but was not similar to 
that of PC1. The loading plots of factor 2 and 3 had contribution of collagen and/or keratin in 
700-850 cm-1 region, which may suggested the relation between fat accumulation and 
hyperkeratinization.38 Makrantonaki et al. suggested that an increased dietary fat consumption 
can modify the composition of sebum from sebaceous gland.39 The sebaceous gland releases 
sebum through the follicular duct to the uppermost skin layer, where several factors can induce 
the lipid oxidation including Propionibacterium acnes, UV exposure, or natural ROS.40-44 The 
present findings and the previous studies suggest that skin lipids become more sensitive to the 
oxidation process than the body adipose tissue as hamsters grow older due to the direct 
exposure of skin lipid and environmental oxidation catalyst. 
Sebocyte lipid accumulation 
The main lipid producer in the dermis layer is sebocyte cell which resided in the dermis 
layer. The lipid accumulation in dermis layer of the skin is confirmed by measuring sebocyte 
cell by confocal Raman spectroscopy. The sebocyte cells were cultured in the period of 6 days. 
The cells were treated with ethanol, ethanol-TC and ethanol-TL as control, TC and TL group, 
respectively. Sebocyte lipid droplet is increased in both size and number as it reaches the 
mature stage. The sebocytes treated with fat were measured by focusing at the lipid droplet 
with confocal Raman spectroscopy. The lipid droplet spectra are shown in Figure.7 A. The 
spectra resembled the contribution of lipid. By using PCA, the spectra can be differentiated 
between TC and TL group as shown in Figure.7 B. The PC1 loading in Figure.7 C resembled 
the spectral configuration of PC1 loading of adipose tissue. The loading shows main 
 51 
contribution of lipid in the region of 1654, 1264 and 974 cm-1 assigned to C=C. This result 
confirms the possibility for sebocyte to absorb the fat and incorporate into lipid droplet in the 
high-fat environment.  
Conclusion 
The present results suggest that dietary fat intake correlates strongly with lipid 
composition in adipose tissue and on the skin. Analysis of skin lipids gives information about 
lipid accumulation within the body and individual dietary habits. The present study also 
demonstrates that Raman spectroscopy with a BHRP is a powerful tool to non-invasively 
analyze skin lipid composition. It is generally accepted that unsaturated fat is sensitive to lipid 
peroxidation. Raman spectral analysis of lipid auto-oxidation clearly indicates that multi-
unsaturated lipids, such as LA, are converted to conjugated unsaturated structures during early-
stage oxidation and then proceed to the peroxidation process. Therefore, the oxidation rate of 
LA was comparatively higher than that of OA. The area ratio of the bands at 1655 and 1264 
cm-1 (I1655/1264) was a good marker to monitor the formation of the conjugation system in multi-
unsaturated lipids, and the peroxide band at 865 cm-1 was a marker band for lipid oxidation. 
These findings were then applied during analysis of lipid accumulation in the adipose tissue 
and skin of hamsters fed a high saturated fat (TC) and multi-unsaturated fat (TL) diet. Results 
showed that conjugated unsaturated lipids increased in the skin and adipose tissue of the 
hamster over time. The accumulation of TC (MCFA) in adipose tissue was observed only in 
the TC-treated group, suggesting that TC cannot be synthesized in the body but the ingested 
TC can be accumulated in the body. PCA results suggested lipid accumulation in skin as well 
as body adipose tissue originated from dietary fat. The change in lipid accumulation affected 
not only fat density but also the lipid oxidation process within adipose tissue.   
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Figure Captions 
Fig. 1. Schema of the Raman system (A). It comprises a ball lens-installed hollow optical fiber 
Raman probe (BHRP), coupling lenses (CL), Long-pass filter (LF), and notch filter 
(NF). Structures of cis-9, cis-12 (a) and trans-10, cis-12 (conjugated; b) LA are depicted 
in figure (B). 
Fig. 2. Overlapping spectra of LA (a), and OA (b) measured under auto-oxidation at 0, 1, 2, 
and 7th day, and a spectrum of the fully conjugated LA (trans-10, cis-12; c)  
Fig. 3. I1655/1264 values of OA and LA under auto-oxidation at 0, 1, 2, 7th days are shown in 
graph A. The I1655/1264 values are also calculated for control, OA-, and LA-fed hamsters 
measured at 2, 4, and 6 weeks (B). 
Fig. 4. The overlapping spectra of adipose (a) and skin (b) tissues measured for control, TC-, 
and TL-fed hamsters. 
Fig. 5. PCA score plots (A) for PC1 of adipose tissue datasets obtained from TC, control TL 
treated hamsters at 2, 4 and 6th weeks. Loading plots of PC1 and 2 are depicted in (B). 
Fig. 6. PCA score plots for PC1 of skin tissues obtained from control (■), TC (○)-,and TL (△)-
treated hamsters at 2 (A), 4 (B), and 6 (C) weeks. Loading plots of PC1s (D) depicted 
for 2nd (a), 4th (b), and 6th (c) week and the I1655/1264 values (E) calculated from the 
loading plots. 
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Figure.1 Schema of the Raman system (A). It comprises a ball lens-installed 
hollow optical fiber Raman probe (BHRP), coupling lenses (CL), Long-pass 
filter (LF), and notch filter (NF). Structures of cis-9, cis-12 (a) and trans-10, 
cis-12 (conjugated; b) LA are depicted in figure (B). 
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Figure. 2 Overlapping spectra of LA (a), and OA (b) measured under auto-
oxidation at 0, 1, 2, and 7
th
 day, and a spectrum of the fully conjugated LA 
(trans-10, cis-12; c)  
Figure.3 I
1655/1264
 values of OA and LA under auto-oxidation at 0, 1, 2, 7
th
 
days are shown in graph A. The I
1655/1264
 values are also calculated for 
control, OA-, and LA-fed hamsters measured at 2, 4, and 6 weeks (B). 
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Figure. 4 The overlapping spectra of adipose (a) and skin (b) tissues 
measured for control, TC-, and TL-fed hamsters.). 
Figure 5. PCA score plots (A) for PC1 of adipose tissue datasets obtained from 
TC, control TL treated hamsters at 2, 4 and 6
th
 weeks. Loading plots of PC1 
and 2 are depicted in (B). 
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Figure 6. PCA score plots for PC1 of skin tissues obtained from control (■), TC (○)-,and 
TL (△)-treated hamsters at 2 (A), 4 (B), and 6
 
(C) weeks. Loading plots of PC1s (D) 
depicted for 2
nd
 (a), 4
th
 (b), and 6
th
 (c) week and the I
1655/1264
 values (E) calculated from 
the loading plots. 
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Chapter III: A quantitative determination of lipid accumulation in adipose tissue 
and the feasibility of Raman spectroscopy for non-invasive analysis of 
subcutaneous layer 
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Abstract 
In this study, Syrian hamsters were treated with trilinolein and tricaprin to mimic the 
excess lipid accumulation and examine the relation between skin-subcutaneous adipose tissue 
(skin-SAT), subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). The skin-
SAT, SAT and VAT were examined in both qualitative and quantitative manner. Our result 
suggest that SAT yields higher accumulation of TL than VAT in the normal condition. The 
accumulation rate of TC found in SAT and VAT was 0.5-0.7% while TL accumulation ratio 
was 2.7-6%. The result suggest the different metabolic pathway between medium-chain fatty 
acid and long-chain unsaturated fatty acid. Raman subsurface spectra were measured to 
determine the subcutaneous fat layer. The results suggest the feasibility of Raman spectroscopy 
for a non-invasive skin-SAT analysis to determine the properties of the SAT and VAT.   
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Introduction 
The obesity is becoming the world issue as the society developed. The poor nutrition 
and unbalanced diet make a tremendous contribution to obesity. Obesity was reported to induce 
various type of medical complications including diabetes and cardiovascular-related diseases. 
The characteristic of obesity can be observed as significant accumulation amount of fat in the 
subcutaneous and visceral adipose tissue. Visceral adipose tissue (VAT) abnormality was 
reported to have the direct correlation with numerous medical complications including insulin 
resistance, diabetes, gallstone disease, and coronary heart disease. The increased amount of 
excessive visceral fat was reported as closely related to obesity and type II diabetes mellitus. 1 
An important role, rather than energy storage, as the glucose and lipid metabolism and numbers 
of hormones producer was also reported. The visceral fat was reported as the secretor of 
inflammatory which induced the risk of obesity associated cardiovascular disease. 2 The fat 
tissue in the peripheral region, subcutaneous adipose tissue (SAT), was also reported to involve 
in insulin resistance and inflammation in the overfed sample. 3   
Number of methods have been proposed for observing adipose tissue including; body 
mass index, waist circumference, dual-energy X-ray absorptiometry and computed 
tomography. 4, 5 These approaches were used to determine the size, structure and location of 
SAT and VAT. Raman spectroscopy can contribute to the complementary information of 
adipose tissue as it is able to provide the chemical property/structure. Raman spectroscopy were 
used in several studies for determination of adipose tissue. Beattie et. al. reported the feasibility 
of Raman spectroscopy for evaluating the amount of fatty acid and C=C from the adipose 
tissue. The quantitative calibration model of adipose tissue were constructed with R-squared 
of 0.94-0.97 using Fourier-transform infrared spectroscopy and Raman spectroscopy. 6 Giarola 
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et al. reported applying Raman spectroscopy for non-invasive quantitative analysis to observe 
the change of unsaturation index in white adipose tissue. 7 The variation of lipid content in the 
upper layer of the skin were reported using Raman spectroscopy. The hydration effects to 
physiological properties of ceramide in the stratum corneum were studied using Raman 
spectroscopy. 8 The quantitative analysis of lipid content in the outermost layer of skin was 
reported by Vyumvuhore et al. The stratum corneum lipid including ceramide, free fatty acids 
and cholesterol were predicted using PLS regression with R-squared of 0.99. 9 In this study, 
for measuring the biological sample in vivo or non-invasive manner, ball lens-installed hollow 
optical fiber Raman probe (BHRP) was used as it was developed for biomedical application. 
10, 11 It was previously reported for investigating colorectal tumor with discrimination 
accuracy of 0.86%. 12 Our previous study reported the BHRP for observing the lipid oxidation 
and qualitative analysis in skin and adipose tissue. 13  
The ultimate goal of this study is to demonstrate the feasibility of non-invasive (skin-
SAT) and minimal-invasive (SAT) approach to determine the condition of VAT using Raman 
spectroscopy. The result of our previous study showed the feasibility of BHRP to evaluate the 
change of lipid in dermis layer. The change in the dermis layer could possibly due to sebaceous 
gland, however, the key player in the lipid accumulation is the adipose tissue. Hence, the BHRP 
in the present study was modified to achieve the deeper layer information of subcutaneous 
layer. In this study, the animals were treated with excessive dietary fat to mimic the fat 
accumulation in obese adipose tissue. The polyunsaturated long-chain fat and medium-chain 
saturated fat were used to verify the effect from different kind of fatty acid to adipose tissue. 
The relation between skin-SAT, SAT and VAT were determined to elucidate the lipid 
accumulation and metabolic pathway. The Raman spectra of skin-SAT, SAT and VAT were 
quantitatively/qualitatively observed to estimate the lipid accumulation. 
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Materials and methods 
 Animal 
Golden Syrian hamsters were purchased at 6 week old (n=24) (SLC, Shizuoka, Japan).  
Animals were assigned to 3groups treated with distilled water (control), trilinolein (TL) and 
tricaprin (TC) (TCI, Tokyo, Japan). Supplements were prepared daily to avoid degradation 
given via oral administration. The amount of supplements given was 0.5% each hamster body 
weight. Food (Picolab Rodent Diet 5053 (LabDiet ®, St. Louise, MO, USA) and water was 
unrestricted for animals at all time.  
Raman measurements 
The homemade ball lens-installed hollow optical fiber Raman probe (BHRP) consisted of a 
sapphire ball lens (500, 800 µm) (Edmund Optics, USA) and a hollow optical fiber of 420 µm 
outer diameter (Doko Engineering LLC, Japan). A diode laser emitting at 785 nm (Toptica 
Photonics, Germany) was used for excitation during the Raman measurements. A single 
polychromatic Raman spectrometer (F4.2, focal length 320 mm, 750 nm blazed 600 l mm-1 
grating; Photon Design Co. Ltd., Japan) and a charge coupled device detector (DU420-BRDD; 
Andor Technology Co. Ltd., Northern Ireland) were used to record the Raman spectra. The 
BHRP was coupled to the spectrometer through a long-pass filter (LF; Semrock, USA), a notch 
filter (NF; Kaiser Optical System, USA), and 2 lenses to focus the laser and Raman scattered 
light into the hollow optical fiber and the slit (100 mm width).  
The adipose tissues (visceral/subcutaneous) and skin of hamster were dissected after 
euthanized with isoflurane. The adipose tissues were measured with 30 second × 2 to a 50 mW 
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excitation light. The dissected tissues were kept in -80°C to avoid from lipid oxidation. This 
study was approved by the ethics committee of Kwansei Gakuin University  
Background subtraction and baseline corrected with 5th polynomial line fit. The dissected skin 
spectra were smoothed using moving average. The pretreated spectra were normalized using 
1440 cm-1 of CH2 band. Spectral pretreatment were carried out using MATLAB (The 
Mathworks Inc., MATLAB Version 7.1 R2010a). Principal component analysis and partial 
least square regression with full-cross validation was used to construct the calibration model. 
(Unscrambler 10.1, CAMO Software AS., Oslo, Norway) 
Lipid extraction /Fatty acid analysis 
The lipid extraction of visceral adipose tissues (VAT) and subcutaneous adipose tissues 
(SAT) were carried out according to the Bligh and Dyer’s method. 14 The collected adipose 
tissue (300mg) mixed with chloroform/methanol/dH2O (1:2:1 v/v) and sonicated for 10 
seconds × 6.  The choloform-lipid layer was then dried under N2. Extracted lipids were 
methylated with methylation kit (Nacalai Tesque, Kyoto, Japan). Methyl heptadecanoate 
solution (20 µl of 0.02 g/300 µl toluene) was added as internal standard. Gas chromatography 
coupled with flame ionization detector was used to measure the fatty acid methyl esters (GC-
2010, Shimadzu Co., Ltd., Kyoto, Japan). The injector port and detector were set to 250 °C. 
The oven temperature was programmed from 90 °C to 240 at 5°C/minute. The peak area of 
each lipid species was normalized with respect to the internal standard. Amount of fatty acid is 
calculated from gas chromatography calibration curve of standard fatty acids. Standard fatty 
acids (decanoic acid, palmitoleic acid, palmitic acid, oleic acid, linoleic acid, linolenic acid) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further 
purification 
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Results and Discussion  
Analysis of lipid accumulation effect on subcutaneous, visceral adipose tissue and skin  
The spectra are measured using ball lens-installed hollow optical fiber Raman probe 
which is specifically modified for biomedical application. 10, 11 The Raman spectra of VAT (-
), SAT (-.-) and skin-SAT spectra treated for 6 weeks are depicted in Figure 2 (a) and (b), 
respectively. The spectra showed the contributions of triacylglycerol (TAG). The C=O ester 
(1742 cm-1) of glycerol head group showed the successful incorporation from dietary-fat 
treated into TAG structure. The CH2 (1440 cm
-1) band area was used to normalize the spectra 
as it represented the total chain length of fatty acid. The low wavenumber of spectra showed 
the assignment of C-C skeleton of lipid (1121, 1080, 1068, 892, 865 cm-1) and =C-H at 974 
cm-1. The effects from each dietary fat showed major differences in the total number of C=C 
located at 1655, 1264 and 974 cm-1. These changes reflect the variation due to each type of 
dietary fat. As TL is the long-chain fatty acid (LCFA) which has 18 carbons with 2 C=C, the 
peaks correspond to C=C of this group are relatively higher than that of ctrl and TC. On the 
opposite side, TC which is the medium- chain fatty acid (MCFA) with 10 carbons reduces the 
relative intensity of C=C while spectra of control group are in the middle between high and 
low C=C. By considering the difference between VAT and SAT individually, both adipose 
tissues show the same characteristic. However, by combining spectra from VAT and SAT, we 
found that the total C=C amount of SAT in each group is relatively higher than that of VAT. 
We presume that SAT yields higher number of C=C than VAT in the general case as 
considering the control group. The normalized skin-SAT spectra depicted in Figure 2 (b) 
showed similar spectral property with that of SAT/VAT spectra due to the contribution of TAG. 
Skin-SAT spectra obtained from BHRP (working distance 234 µm) measured the spectra from 
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deep down in the subcutaneous layer under the skin (≈ 220 µm). The differences between 
SAT/VAT and skin-SAT spectra are shown in the 855, 874, 973 cm-1 of collagen and 1003 cm-
1 of phenylalanine. The present of protein-related peaks are possibly due to the variation 
between the epidermis and dermis layer thickness. The normalized skin-SAT spectra show the 
variation of C=C at 1655 and 1264 cm-1 regions with respect to the treated group.  
To confirm that the variation of spectra are due to the dietary-fat treated, multivariate 
analysis is required. Prior to use the multivariate analysis, it should be noted that measuring 
lipid should be handled with attention. Spectral intensity of lipid C=C is sensitive to lipid 
oxidation from ROS in which the location of C=C will be changed due to conjugate and oxidant 
formation. This change due to C=C 1655 cm-1 can deteriorate the result. From our previous 
study, we found that the intensity of 1264 cm-1 band is decreased overtime while 1655 cm-1 is 
increased initially then decreased after forming the conjugation structure. 13, 15 The conjugation 
dienes is formed during the onset of oxidation and changes the location and isomer of C=C to 
trans. During the conjugated dienes formation, the change in 1655 cm-1 can be observed as the 
variation of peak intensity and shift, in contrast, 1264 cm-1 peak is not affected from this 
phenomenon, hence, the variation of 1655/1440  cm-1  and 1264/1440  cm-1 ratio are inverse. 
When lipid proceed to oxidation stage, the 1655 and 1264 cm-1 peaks will be decreased. The 
stage of lipid oxidation is possible to be estimated by observing the relation between of 
1655/1264 cm-1 ratio. The change due to the oxidation be able to change the Raman spectra by 
increasing/decreasing the 1655 cm-1 band and 1264 cm-1 band which can deteriorate the result. 
The adipose tissues spectra were all checked with I1655/1264 for avoiding the lipid oxidation 
effect prior to multivariate analysis.  
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Principal Component Analysis of SAT and VAT 
The principal component analysis with full-cross validation was performed to analyze 
the interrelationship among lipid variation spectra. The spectra of VAT and SAT (n=270) were 
used to construct the PCA model. The skin-SAT spectra were excluded as the purpose of this 
PCA is to check the variation between SAT and VAT. From figure 3 A, the score plot of PCA 
result depicts the variation of lipid with respect to dietary fat treated and type of adipose tissue. 
In conformation with the result from section above, the score plot showed a relative increment 
in all of the SAT compared to that of VAT. The first PCA loading, figure 3 B(a), with 57% 
explained variance showed the contribution of lipid. The component of lipid shown is the total 
number of C=C at 1655, 1264 and 970 cm-1. This result from PCA confirmed the assumption 
that the total amount of C=C in SAT is higher than that of VAT. The unsaturated fat % of VAT 
was reported to decrease as the size of visceral fat is increased. The difference between 
subcutaneous and visceral fat was also reported in several studies as SAT yields lower saturated 
fatty acid than VAT. 15, 16 This results in the shift of SAT to be relatively higher than VAT in 
both TC and TL. As PC1 loading is the result of total variation of C=C including saturated and 
unsaturated fat, the subtracted between averaged TL and TC from 6th week spectra are used to 
compare, figure 3.B(b). The TL and TC of 6th week spectra are used to determine the variation 
due to highest and lowest accumulation of C=C from the whole samples. The result shown in 
figure 3B depicts the similarity between PCA loading and subtracted spectrum. This confirm 
that the PCA is genuinely the result from the total variation of the C=C. Raman spectra and gas 
chromatography result were used to construct PLS regression model for observing the 
contribution of fatty acid variation. 
 Quantitative analysis of SAT, VAT and skin-SAT spectra using PLS regression 
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The Raman spectra of SAT and VAT were subjected to the quantitative analysis using 
PLS regression with full-cross validation. By considering the PCA result, the main difference 
between each treated group is the relative number of C=C, however, the fatty acid characteristic 
region (780-1150 cm-1) is required to observe the change in particular fatty acid. Two 
calibration model were constructed for observing the amount of TL of SAT/VAT and skin-
SAT separately. PLS calibration were calculated by correlating between calibration set and 
their corresponding gas chromatography data. Consecutively, the validation set were then 
applied to verify the model accuracy.  
The rate of TL accumulation is calculated from PLS model during period of 6 weeks. 
From figure 4, the percentage of TL is relatively higher in SAT and skin-SAT than that of VAT 
in control and TC group. The percentage of PUFA in SAT was also reported to be higher than 
VAT in 4 commercial pig breeds.(36) The increment of total C=C in PCA result can be 
attributed to the TL% in SAT which relatively higher than VAT according to PLS model. The 
increment of TL found not only in the TL-treated group but also in control group. 
The amount of TC of SAT and VAT are increased over the period of 2 to 6 weeks is 
approximately 0.6-2.7% while TL accumulated is increased from 40% to 49% in VAT while 
SAT is 44% to 49%. This suggests the effect of TC intake is less susceptible to adipose tissue 
in comparison to TL. TC is the lipid which cannot be found/synthesized normally in body, 
hence, the amount of TC found reflect solely by the dietary fat treated.  According to this result, 
MCFA is presumably a good fat as it yields lower accumulation rate in adipose tissue. The 
benefit of TC was reported in several studies. MCFA has been used as supplement for patient 
with lipid malabsorption and pancreatic insufficiency (2). TC was reported to reduce TAG if it 
is taken in a small amount, however, in the large amount, TC induces de novo lipogenesis (6). 
The result from PLS model shows the ability of Raman spectroscopy to detect TC even the 
percentage is as small as 0.6-2.7% of total fat. 
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PLS regression was used to estimate TL and TC as percentage of total fat with 0.9 R-
squred. The number of factor was considered using explained variance which show very small 
variation from factor 2 to factor 10. For PCA loading, it shows mainly the contribution of total 
amount C=C of lipid (1655 and 1264 cm-1) which includes other fatty acids; palmitic acid, 
palmitoleic acid, oleic acid and linolenic acid. On the other hand, PLS coefficient shows the 
change in particular composition of TL and TC.  PLS coefficient show characteristic spectral 
composition of TL and TC especially in the low wavenumber region (780-1164 cm-1) as shown 
in figure 4 B and 5 B. 
The difference between the coefficients of PLS model and PCA loading can be 
attributed to the fatty acid structure. The PLS regression coefficient of both TL and TC model 
constructed show the major difference in lipid variation. The variation found, rather than only 
the strong C=C peak of 1655 cm-1 and 1264 cm-1, are also in the low-wavenumber region from 
780-1150 cm-1. As shown in PLS coefficient, the strong C=C peak of 1655 and 1264 cm-1 are 
not the only component that can explain the variation during the accumulation of fat in SAT 
and VAT. As can be seen in PCA loading, the 1655 and 1264 cm-1 is affected by the whole 
amount of saturated and unsaturated fat in such sample. On the other hand, by considering the 
low-wavenumber region, each fatty acid has the unimodality and its own specifically spectral 
character. This result is consistent with the previous section (MW/IW-ALS) and our previous 
study as we found that the composition of fatty acid mixture can be extracted into pure 
component by using ordinary least square (OLS) from the low-wavenumber region. 17  
 Elucidating the informative region for quantitative analysis using Moving-window 
/Increasing-window ALS 
The purpose of applying the idea of moving-window/increasing-window into ALS is to 
determine the informative spectral region which can give the highest contribution to the fatty 
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acid concentration. The concentration profile of SAT and VAT were extracted using ALS 
which modified with the moving window and increasing window technique. For moving-
window ALS (MW-ALS), the spectra were sliced into pieces. The size of sliced spectra were 
specified by the window size. MCR-ALS were then applied to each spectra individually to 
extract the concentration of fatty acid (DA, PA, OA, LA) and validate with the GC result. In 
case of increasing-window ALS (IW-ALS), the spectral regions were increased step by step to 
check the total size of spectral window that contribute the good result as validated by GC. The 
scheme of MW/IW-ALS are depicted in Figure 6. By observing the result of MW/IW-ALS in 
Figure 7, it shows the similar concentration trend to that of GC. The region that contributes to 
the fatty acids extraction and yields low RMSE is around 800-1164 cm-1. However, as the 
accuracy of each fatty acids is lower than using PLS approach, PLS was used to predict the TC 
and TL.  
Accumulation rate of trilinolein and tricaprin: VAT vs SAT 
To observe the adipose tissue location dependent of TL and TC absorption, the 
accumulation rate between VAT and SAT are shown in table1. In the control condition, amount 
of TL can be obtained from food. Figure 5 shows that SAT can accumulate/synthesize more 
TL than VAT, however from table1, the speed of accumulation/synthesis of VAT is higher. 
This indicates the wider range of variation of VAT which possibly because it is the primary 
location for lipid exchange in the body. This confirm the ability of adipocyte which is not static 
lipid collector but also in vivo TL producer 18. In contrast, in the hamster with excess saturated 
fat, TC-treated group, the amount of TL is somewhat reduced approximately by 0.46-0.48% 
per 2 weeks. As mentioned before that adipose tissue cannot produce TC, the amount of TL 
calculated in the TC-treated group is shown to be lower than that of control which yields no 
TC composition is possibly due to an included amount of TC in the adipose tissue as they are 
all calculated in percentage. The significant increase can be observed in TL-treated group 
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especially in VAT. The accumulation rate of VAT is about 2.41 time higher than SAT. After 6 
weeks period, the total TL% of VAT and SAT are 49%. This shows the accumulation speed is 
influenced by the site of adipose tissue. Our result suggests that, although the amount of TL of 
SAT is higher in general, the accumulation rate of VAT is significantly higher. In case of TC 
accumulation, as mentioned that TC cannot be produced naturally, the accumulation rate of 
control and TL-treated group is not present. The accumulation rate of TC in VAT is 1.4 time 
higher. This reflects the lipid absorption efficiency of VAT which is relatively faster. Bergman 
et. al. proposed the “overflow hypothesis” mechanism of lipid accumulation from dietary fat. 
19 The animals fed with high-fat diet were found to increase the VAT primarily and also induce 
hepatic insulin resistance. The further fat intake resulted in SAT/VAT fat deposition and insulin 
resistance of hepatic/ peripheral organs. 18 
Accumulation rate of trilinolein and tricaprin: Fatty acid species dependency 
In term of fatty acid species dependency, we made the comparison only between TL 
and TC- treated group.  The accumulation ratio between TL to TC of VAT is approximately 
9.44 times while that of SAT which is 5.51 times. This result shows faster rate of lipid 
absorption of TL than that of TC. This effect presumably due to the chain-length of TC which 
is 10 carbons while TL has 18 carbons. Tricaprin is the medium-chain fat which is generally 
known to be sent through portal blood stream directly to liver while longer chain fat is 
incorporated into TAG structure of chylomicron. Small amount of medium-chain fat can also 
be incorporated in TAG of chylomicron which will be absorbed by peripheral organ and 
adipose tissue. 20, 21 When MCFA is absorbed by intestine, acyl-CoA synthase which is 
responsible for TAG incorporation in intestine is specifically attached mostly to LCFA than 
MCFA. 22 Only small amount of TC is incorporated together with LCFA in the chylomicron 
and then travel to peripheral organs.  LCFA is then packed into chylomicron and sent to the 
adipose tissue, while MCFA is sent through portal vein and oxidized by liver. 22  For rodent, 
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MCFA was reported to partly incorporate with adipose tissue when ingested while most part is 
oxidized in liver. 23 The terminus for most of MCFA is liver in which it is ready for 
transporting to mitochondria without using carnitine palmitoyl transferase (CPT) while it is 
required by LCFA. 22 These reasons make TC to be more readily for oxidizing in liver than 
TL, hence percentage of TC is much smaller than TL in adipose tissue (VAT and SAT) despite 
the same amount of fat intake.  
Feasibility of predicting the subcutaneous fat non-invasively by using BHRP 
The BHRP with 800 µm with from approximately 245 µm was designed to be able to 
recover the information from subcutaneous layer. The result is confirmed by histological study 
as the thickness of the skin from the epidermis to the subcutaneous layer is approximately 220-
240 µm. The spectra shown in figure 2 depict the contribution of lipid measured from the top 
of the 6th week skin. The spectra showed the different in the 1260 and 1655 cm-1 similar to that 
of SAT and VAT spectra. The contribution of collagen and dermis layer can be observed in the 
lower region at 973 and 1003 cm-1 of collagen and phenylalanine respectively. In comparison 
to chapter 2, the BHRP with 500 µm which is able to recover the information in the dermis 
layer, however, the BHRP with 800 µm can get deeper. 
To observe the change in lipid from dietary fat, even the sebaceous gland got an effect, 
the strongest dietary fat effect is the adipose tissue which are SAT and VAT. VAT is located 
under the muscle in the abdominal cavity which make it impossible to be measured non-
invasively and still very difficult to measure in the invasive manner by BHRP. This make SAT 
is the most probable place for obtaining information.  
The information regarding the dietary fat effect are extracted using PCA analysis shown 
in Figure 3 B. The result showed that we can differentiate the skin-SAT spectra into control, 
TC and TL group. The control groups vary the whole area while TL and TC group are gathered 
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at the both ends. However, the TC group are not perfectly discriminated compared to the TL 
group. The loading used is PC3 which explain 10% of the data while PC1 and PC2 explain 19 
% and 11% respectively. The first two PC are corresponded to collagen, keratin, protein and 
other contribution of skin. The possible source of error could be due to the spectra obtained 
have the variation in the protein and collagen. The working distance of BHRP with 800 µm 
can reach the subcutaneous layer however that region is the border between dermis and 
subcutaneous layer. The sampling volume which is approximately 80-90 µm cover both dermis 
region which compose of collagen and protein and the subcutaneous layer which is the lipid 
accumulation layer. The problem stem from this border which the BHRP sampling volume 
cover is not equally distributed. This resulted in the spectra with variation of phenylalanine and 
collagen. The collagen/phenylalanine region is located at the low-wavenumber (800-1200 cm-
1) region which is overlapped with the characteristic region of lipid. The other possibility is 
that the amount of TL found in the TL-group using GC is much higher than that of TC as shown 
in table 1. The accumulation of TC in the SAT/VAT as low as 0.8 to 2.9% contribute the much 
lower TC character in the spectra in comparison with TL-group which can be accumulated up 
to 50% in the SAT/VAT. This difference can make the TL-group to be more susceptible to the 
change than TC-group. 
  The attempts to remove this contribution of collagen and protein were done using the 
PC loading and the spectra from 500 µm BHRP. Even collagen and protein of the subtracted 
spectra seems to be removed by eye rating. However, by using PCA analysis we found that the 
subtraction can affect the result from lipid contribution or in the other case the contribution of 
collagen and protein still appear in the PCA result. One possibility for the subtraction to be 
unsuccessful is that protein/collagen and lipid characteristic region are extremely overlapped. 
This results suggest that, rather than attempting to subtract an unwanted region, the BHRP with 
deeper working distance and smaller sampling volume might improve the result. 
 75 
 The PLS regression results from skin-SAT TL group are shown in Figure 4. The 5th 
regression coefficient is used for obtaining the result with 0.81 R-squared. The regression 
coefficient of skin-SAT in Figure 3 B(c) show the similar contribution of peak from TL as in 
the SAT/VAT sample. This result show the feasibility to do the quantitative analysis by the 
skin-SAT spectra on TL group. On the other hand, the PLS results of TC-group (data not 
shown) yielded as low as R-squared of 0.33 which means it does not have the good correlation 
with the TC value from GC. The amount of TC accumulated in the TC-group which is much 
lower than TL affects the capability of PLS to predict TC in skin-SAT. This suggest that the 
variation and accumulation amount of fatty acids play an important role in extracting the 
amount of certain fatty acid in the lipid sample. 
Conclusion 
The present study emphasizes an importance of BHRP to estimate the variation of lipid 
and its metabolism rate from the non/minimal-invasive manner. As the results from SAT show 
direct correlation with the properties of VAT, observing the SAT can estimate the VAT 
condition inside without VAT dissection. The result from PCA and PLS of skin-SAT show that 
the non-invasive approach for determination of VAT is feasible. In case of minimal-invasive 
approach, the size of BHRP is relatively small to be inserted under the skin with the needle to 
observe the subcutaneous layer directly. Our result also demonstrated the effect of dietary fat 
to the lipid variation in different location of adipose tissue. The amount of TL in SAT is 
relatively higher than VAT, however, the accumulation rate of VAT is significantly high during 
6 week period of observation. The visceral adipose tissue is the postulated to be the primary 
location of lipid deposition. BHRP yielded the potential to obtain the excellent spectral 
information. By using chemometrics approach, it is capable of extracting the information of; 
number of C=C, chain-length of fatty acid, oxidation rate and pattern of lipid from different 
site. Apart from qualitative analysis, the information obtained also yielded the quantitative 
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results. The efficiency of this calibration model constructed from this Raman system is proofed 
by extracting the amount of TC which is as small as 1-3% with R-squared of 0.9 from the 
biological sample. The result of the calibration model was validated using a set of non-
calibrated sample. We propose BHRP and Raman system as potential tools for various 
application including; online process industry for checking meat quality, dermatology or 
cosmetic industry.  
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Figure Captions 
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Figure1. Structure of Raman system and ball lens installed hollow optical fiber Raman probe 
(BHRP) (a), skin spectra (b), subcutaneous adipose tissue spectra (c), visceral adipose tissue 
spectra (d)  
Figure 2. The adipose and skin spectra measured from 6 weeks old hamster iin control, Tc and 
TL condition. 
Figure 3. PLS regression score plot of visceral adipose tissue □ and subcutaneous adipose tissue 
Δ, A(3). PC1 loading from VAT-SAT dataset from 6th week are depicted in C. 
Figure 4. PLS regression predicted value of visceral adipose tissue □, subcutaneous adipose 
tissue Δ  and skin ○ (A). Comparison between pure fatty acids spectra (B (a)), PLS regression 
coefficient of VAT-SAT dataset (B (b)) and skin dataset (B (c)).    
Figure 5. PLS regression predicted value of visceral adipose tissue □ and subcutaneous adipose 
tissue Δ (A). Comparison between pure fatty acids spectra (B (a)), PLS regression coefficient 
of VAT-SAT dataset (B (b)). 
Figure 6 Schema of moving window MCR-ALS (A) and increasing window MCR-ALS (B)   
Figure 7 fatty acids extraction result from moving window MCR-ALS (A) and increasing 
window MCR-ALS (B)   
Table 1 Accumulation rate of TL and TC in adipose and skin tissue per 2 weeks 
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Figure1. Structure of Raman system and ball lens installed hollow optical fiber Raman probe 
(BHRP) (a), skin spectra (b), subcutaneous adipose tissue spectra (c), visceral adipose tissue 
spectra (d) 
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Figure 2. The adipose and skin spectra measured from 6 weeks old hamster iin control, Tc 
and TL condition. 
Figure 3. PLS regression score plot of visceral adipose tissue □ and subcutaneous adipose 
tissue Δ, A(3). PC1 loading from VAT-SAT dataset from 6th week are depicted in C. 
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Figure 4. PLS regression predicted value of visceral adipose tissue □, subcutaneous adipose 
tissue Δ and skin ○ (A). Comparison between pure fatty acids spectra (B (a)), PLS regression 
coefficient of VAT-SAT dataset (B (b)) and skin dataset (B (c)).    
Figure 5. PLS regression predicted value of visceral adipose tissue □ and subcutaneous 
adipose tissue Δ (A). Comparison between pure fatty acids spectra (B (a)), PLS regression 
coefficient of VAT-SAT dataset (B (b)). 
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Figure 6 Schema of moving window MCR-ALS (A) and increasing window MCR-ALS (B)   
 
Figure 7 fatty acids extraction result from moving window MCR-ALS (A) and increasing 
window MCR-ALS (B)   
Variables (cm-1) Variables (cm-1) 
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Table 1 Accumulation rate of TL and TC in adipose and skin tissue per 2 weeks 
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